INTRODUCTION {#SEC1}
============

Cold temperatures and freezing can adversely affect plant growth and development, thus limiting the geographical distribution of plants and decreasing agricultural yields. However, plants can acclimate to low temperatures via the reprogramming of gene expression, metabolism and cellular architecture ([@B1],[@B2]). Most of our current knowledge on cold sensing and acclimation mechanisms comes from studies of the model plant *Arabidopsis thaliana* ([@B3],[@B4]). Evidence suggests that cold stress is sensed through cold-induced changes in membrane fluidity and other signals, which induce fluxes in cytoplasmic Ca^2+^ currents. These Ca^2+^ fluxes activate kinases or kinase cascades, leading to the transcription of cold regulated (*COR*) genes, which are required for freezing tolerance.

Members of the C-repeat (CRT)-binding factor (CBF) family of transcription factors (also known as dehydration-responsive element-binding protein 1 family members, DREB1s) have central functions in the regulation of cold stress-induced transcription. The expression levels of *CBFs* determine the levels of *COR* gene expression and freezing tolerance ([@B5],[@B6]). The transcription of *CBFs* is activated by INDUCER OF CBF EXPRESSION1 (ICE1) and ICE1-like transcription factors (MYC-family transcription factors) and repressed by MYB15 (an MYB family transcription factor), which bind to specific elements in the *CBF* promoters.

Forward and reverse genetic approaches have demonstrated that mitogen-activated protein kinase (MAPK/MPK) cascades regulate *CBF* gene expression. However, the molecular links connecting cold-responsive MPK cascades and *CBF* gene transcription remain to be identified. In eukaryotes, MPK cascades play essential roles in transmitting stimuli from mitogens, developmental cues and various environmental stresses ([@B7],[@B8]). MPK cascades are major signaling pathways that function downstream of sensors/receptors that are positively or negatively regulated by cytosolic Ca^2+^ influx in a tissue-specific manner ([@B9]). MPK cascades consist of three sequentially acting protein kinases. Signal transduction via MPK cascades is initiated by the activation of MPK kinase kinase (MAPKKK/MEKK/MTK/MKKK). This enzyme phosphorylates and activates MPK kinase (MAPKK/MEK/MKK), which in turn phosphorylates and activates MPK. MKKKs are serine (Ser, S)/threonine (Thr, T) kinases that phosphorylate Ser/Thr on conserved S/T-X~3--5~-S/T motifs of the MKK activation loop ([@B10]). MKKs are dual-specificity kinases that doubly phosphorylate the T-X-Y motif in the activation loop of MPKs ([@B10]). The terminal kinases of the cascade, MPKs, are also Ser/Thr kinases. The substrates of MPKs include other kinases and various transcription factors.

The *Arabidopsis thaliana* genome encodes 20 predicted MPKs, which differ in the signature sequences of their activation loops ([@B8],[@B11]). Of these, MPK3, MPK4 and MPK6, the most extensively studied MPKs, are activated by stress (pathogens, osmotic, cold and oxidative stress), developmental cues and auxin signaling ([@B12]--[@B14]). Each MPK is thought to participate in responses to a specific stress or a subset of stresses. The specificity of their activity appears to be determined by unique MKK-MPK combinations that participate in the responses to different stresses. For example, drought and wounding induce the MKK1-MPK4 module, abscisic acid activates MKK1-MPK3 and osmotic shock activates MKK1-MPK3/MPK6 ([@B4],[@B15]--[@B17]). The MEKK1-MKK2-MPK4/MPK6 cascade plays an important role in the cold signal transduction pathway ([@B4]). MKK2 is specifically activated by cold stress in *Arabidopsis* protoplasts. Yeast two-hybrid analyses, as well as *in vitro* and *in vivo* protein kinase assays, showed that MKK2 phosphorylates MPK4 and MPK6. Transgenic plants overexpressing MKK2 exhibit constitutive MPK4 and MPK6 activity and improved freezing tolerance through increased expression of *CBF* genes ([@B4]).

The specificity of the response to a given stimulus could also be determined by the choice of MPK substrates. Several studies have attempted to identify the substrates and interaction partners of MPKs ([@B18],[@B19]). Protein microarray analysis of 1690 unique *Arabidopsis thaliana* proteins identified 39 proteins as substrates of MPK6 and 48 proteins as substrates of MPK3 ([@B20]). Another protein microarray experiment identified the substrates of 10 different activated MPKs ([@B21]). More studies will be required to establish that these candidates truly function as MPK substrates. In addition, each candidate must still be connected to specific signaling outcomes.

Downstream components of the cold-responsive MPK cascade, such as MPK4 and MPK6 substrates, remain to be identified. The transcription factor MYB15 was revealed as an MPK6 interaction partner by yeast two-hybrid analysis of an *Arabidopsis* transcription factor library ([@B22]). Protein microarray analysis also predicted that MYB15 is phosphorylated by activated MPK6 and MPK10 ([@B20]). MYB15 represses *CBF* gene expression and freezing tolerance in *Arabidopsis* ([@B23],[@B24]) and *MYB15* is expressed in *Arabidopsis* in the absence of cold stress. Mutational inactivation of *MYB15* results in enhanced expression of *CBFs* during cold acclimation and the freezing tolerance response, whereas overexpression of *MYB15* has the opposite effect. MYB15 binds to the conserved MYB transcription factor recognition sequences in the promoters of *CBFs* and inhibits their transcription.

In this study, we obtained several lines of evidence that MYB15 is a substrate for MPK6 both *in vitro* and *in vivo*. MYB15 physically interacted with MPK6 *in vitro* (in a yeast two-hybrid assay) and *in planta*, and MYB15 was phosphorylated by both recombinant and native MPK6. We identified an MPK6 phosphorylation site in MYB15 and performed mutational analysis showing that the binding affinity of MYB15 to the *CBF3* promoter fragment, as well as the effect of MYB15 on *CBF3* gene expression, are regulated by the phosphorylation status of the MPK6-target phosphorylation site. Comparison of the freezing tolerance of transgenic plants overexpressing native MYB15 or MYB15^S168A^, a mutant MYB15 protein lacking the MPK6-phosphorylation site, demonstrated that an intact MPK6-target phosphorylation site is associated with freezing tolerance. The finding that transcriptional derepression of *CBF* genes and the freezing tolerance response are mediated by direct phosphorylation of MYB15 by MPK6 increases our understanding of the cold stress signaling pathway in *Arabidopsis*.

MATERIALS AND METHODS {#SEC2}
=====================

Plant materials and growth conditions {#SEC2-1}
-------------------------------------

The *Arabidopsis thaliana* lines used in this study were in the Columbia background. For surface sterilization, seeds were soaked for 1 min in 70% EtOH, followed by 10 min in 1/10-diluted commercial bleach (0.4% NaOCl) and three washes with sterile distilled water. Surface-sterilized seeds were sown on agar plates containing half-strength Murashige-Skoog (MS) salts and vitamins ([@B25]), 2.0% sucrose and 0.8% agar. The plates were incubated in the dark for 3 days at 4°C, followed by incubation at 22°C in a growth chamber under a 16 h light/8 h dark photoperiod. Ten- to twelve-day-old seedlings were transferred to soil and grown under the same conditions.

*Nicotiana benthamiana* seeds were sown in soil and grown in a growth chamber at 24°C under a 16 h light/8 h dark photoperiod. Seven-week-old *N. benthamiana* plants were used for *Agrobacterium*-mediated transient expression.

Plasmid construction, site-directed mutagenesis and expression of recombinant proteins {#SEC2-2}
--------------------------------------------------------------------------------------

Full-length and partial open reading frames (ORFs) encoding the N-terminal (amino acids 1--172) and C-terminal (amino acids 173--285) regions of *MYB15* were amplified by polymerase chain reaction (PCR) from a cDNA library of *Arabidopsis* seedlings using gene-specific primers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The amplicons were cloned into the pGEM-T Easy Vector, and their fidelity was verified by sequencing. To create in-frame N-terminal GST fusions, the inserts were excised with BamHI and EcoRI and cloned into the pGEX 4T-1 vector (Amersham Biosciences, USA). Single amino acid substitutions in full-length GST-MYB15 (T18A, S168A and T18A/S168A) were produced using the primers listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"} using a QuikChange Site-directed Mutagenesis kit (Stratagene, USA). The mutations were confirmed by sequencing. The GST-fusion constructs were transformed into BL21 (DE3) *Escherichia coli*, and GST fusion proteins were expressed and purified using glutathione Sepharose-4B beads according to the manufacturer\'s instructions (GE Healthcare, USA). To express His- or GST-tag-fused MPKs in bacteria, full-length *MPK3, MPK4* or *MPK6* ORFs were amplified by PCR from a cDNA library of *Arabidopsis* seedlings using gene-specific primers ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) and cloned into the pGEM-T Easy Vector (Promega, USA). Verified inserts by sequencing were excised with BamHI and SalI, and subcloned into pQE30 or pGEX 4T-1 for His- or GST-tag-fused MPKs, respectively. The His-fusion constructs were transformed into *E. coli* (M15), and His-tag fusion proteins were expressed and purified using Ni-NTA agarose beads according to the manufacturer\'s instructions (Qiagen, Germany).

*In vitro* pull-down assay {#SEC2-3}
--------------------------

Pull-down assays were carried out to examine the interaction of MYB15 with MPK3, MPK4 or MPK6. GST-MYB15 and GST were immobilized by incubating crude proteins (100 μg) with 10 μl of glutathione-Sepharose 4B beads in 1 ml buffer (50 mM Tris--HCl, pH 7.5, 200 mM NaCl, 1% Triton X-100, 0.1 mM ethylenediaminetetraacetic acid (EDTA) and 0.5 mM DTT) for 4 h at 4°C. Glutathione-Sepharose 4B beads containing immobilized proteins were collected by centrifugation and incubated overnight at 4°C with purified His-MPK3, His-MPK4, or His-MPK6 (10 μg) in 1 ml binding buffer (50 mM Tris--Cl pH 7.5, 200 mM NaCl, 0.1 mM EDTA and 0.5 mM DTT). Beads were collected by centrifugation and washed three times with binding buffer at 4°C. Proteins were eluted by boiling in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, separated by 10% SDS-PAGE and transferred onto an Immobilon-P membrane for immunoblotting. His-tagged proteins were detected on the membrane with polyclonal anti-His antibodies (Abcam, UK) using the enhanced chemiluminescence (ECL) technique.

Yeast two-hybrid analysis {#SEC2-4}
-------------------------

Full-length ORFS of *MYB15, MPK3, MPK4* and *MPK6* were amplified using gene-specific primers ([Supplementary Tables S1 and 2](#sup1){ref-type="supplementary-material"}) and cloned into pGAD424 (prey) and pAS2--1 (bait) vectors, respectively. Prey and bait plasmids were co-transformed into yeast strain pJ69--4A for interaction analysis, and colonies were selected after 2--3 days growth at 30°C on SD-Trp-Leu medium. The transformants were tested for positive bait--prey interactions by monitoring the activation of *ADE2* and *LacZ* reporter genes as described.

Luciferase complementation imaging assay {#SEC2-5}
----------------------------------------

The luciferase (LUC) complementation imaging assay was performed as described by Chen *et al*. ([@B26]). Full-length *MPK6* and *MYB15* ORFs were inserted into pCAMBIA1300-NLuc and pCAMBIA1300-CLuc, resulting in the production of *CaMV35S*: *MPK6-NLuc* and *CaMV35S*: *CLuc-MYB15*, respectively. The constructs were mobilized into *Agrobacterium tumefaciens* strain GV3101 (pMP90) ([@B27]). The *Agrobacterium* cells were grown in LB medium at 28°C overnight, collected by centrifugation, resuspended in induction medium at 0.3 OD~600nm~ ([@B28]) and incubated for 8--12 h at 28°C with shaking. Bacteria were collected by centrifugation, washed once with infiltration buffer (10 mM MgCl~2~, 10 mM MES and 100 mM acetosyringone) and resuspended in infiltration buffer at 0.5 OD~600nm~. Bacterial suspensions were infiltrated into young, fully expanded leaves of 3-week-old *N. benthamiana* plants using a needleless syringe. After infiltration, the plants were immediately covered with plastic bags and incubated at 23°C for 3 days. The plastic bags were removed, and infiltrated leaves were sprayed with luciferin solution (100 μM D-luciferin and 0.01% Triton X-100) and incubated in the dark for 4 h to quench fluorescence. LUC activity was observed under a low-light EMCCD apparatus (AndoriXon; Andor, UK).

Mass spectrometric analysis of phosphopeptides using TiO~2~ microcolumns {#SEC2-6}
------------------------------------------------------------------------

GST-MYB15 was treated with His-MPK6 as described below for the *in vitro* kinase assays. Protein bands were excised after resolution by SDS-PAGE and in-gel digested with modified trypsin (Promega, USA) ([@B29]). The digested peptides were dissolved in loading buffer (80% acetonitrile and 5% trifluoroacetic acid) and passed through a TiO~2~ microcolumn ([@B29]). Phosphopeptides were eluted with NH~4~OH (pH 10.5), applied to a Poros Oligo R3 column (Applied Biosystems, USA) and eluted from the column using 2,5-dihydroxybenzoic acid (DHB; Fluka, USA) solution (20 mg/ml DHB, 50% acetonitrile, 0.1% trifluoroacetic acid and 1% ortho-phosphoric acid). MALDI-MS analysis was performed using a Voyager-DE STR mass spectrometer (PerSeptive Biosystems Inc., USA). Mass spectra were obtained in the reflectron/delayed extraction mode. Monoisotopic peptide masses were analyzed using MoverZ software ([www.proteometric.com](http://www.proteometric.com)).

*In vitro* and in-gel kinase assays {#SEC2-7}
-----------------------------------

*In vitro* kinase reactions were performed in kinase buffer (25 mM Tris--HCl, pH 7.5, 1 mM DTT, 20 mM MgCl~2~, 2 mM MnCl~2~, and 50 μM \[γ-^32^P\] ATP) containing GST-MPK6 or His-MPK6 (1 μg) and substrate in a total reaction volume of 20 μl. GST (1 μg; negative control), myelin basic protein MBP (0.5 μg; positive control) and GST-MYB15 variants (2 μg) were used as substrates. The reactions were initiated using 1 μCi \[γ-^32^P\] ATP and allowed to proceed at 30°C for 30 min. The kinase reactions were stopped by adding 6 μl of 4 × SDS sample buffer and boiling for 5 min. Reaction products were resolved by 10% SDS-PAGE. The gels were autoradiographed and stained with Coomassie Brilliant Blue (CBB) R-250, using pre-stained markers to estimate protein size.

The in-gel kinase assay was performed using extracts from 2- to 3-week-old Petri dish-grown wild-type (WT), *mpk3* (Salk_127507) and *mpk6* mutant (Salk_127507) seedlings treated with cold (4°C) for the indicated times. The in-gel kinase assay was performed as described previously with some modifications ([@B30]). In brief, cell-free extracts (30 μg total proteins) were incubated at 60°C for 10 min and separated by 10% SDS-PAGE on a separating gel embedded with 0.5 mg/ml purified GST-MYB15 as a kinase substrate. After electrophoresis, the gel was washed three times with washing buffer (25 mM Tris--HCl, pH 7.5, 0.5 mM DTT, 0.1 mM Na~3~VO~4~, 5 mM NaF, 0.5 mg/ml bovine serum albumin and 0.1% Triton X-100) to remove the SDS. The proteins were renatured by incubating the gel overnight at 4°C in renaturing buffer (25 mM Tris--HCl, pH 7.5, 1 mM DTT, 0.1 mM Na~3~VO~4~ and 5 mM NaF) with three changes of buffer. The gel was equilibrated in reaction buffer (25 mM Tris--HCl, pH 7.5, 2 mM EGTA, 12 mM MgCl~2~, 1 mM DTT and 0.1 mM Na~3~VO~4~) at room temperature for 30 min. The phosphorylation reaction was carried out by incubating the gel at room temperature for 1.5 h in 20 ml of reaction buffer containing 0.5 μM ATP and 50 μCi \[γ-^32^P\] ATP. The reaction was stopped by transferring the gel to stop solution (5% trichloroacetic acid and 1% disodium pyrophosphate). Gels were washed with stop solution for 5 h at room temperature with four changes of solution, dried on 3M paper and imaged using a Fuji Film FLA-5000 imaging system.

Electrophoretic mobility shift assay (EMSA) {#SEC2-8}
-------------------------------------------

The −984 to −785 bp region of the *CBF* promoter, which binds to MYB15 ([@B23]) and contains an MYB response element, was amplified by PCR from *Arabidopsis* genomic DNA, separated by agarose gel electrophoresis and recovered by elution using a gel purification kit (GeneAll, Korea). Eluted fragments were end-labeled with \[γ-^32^P\] ATP and T~4~ polynucleotide kinase. The DNA-binding reaction was performed at 25°C for 20 min in binding buffer (20 mM HEPES/KOH pH 7.9, 0.5 mM dithiothreitol, 0.1 mM EDTA, 50 mM KCl and 15% glycerol) containing 20 000 cpm of ^32^P-labeled DNA probe, 1 μg poly (dI-dC) and 0.5 μg bacterially produced GST-MYB15 variants that had been phosphorylated (or not) by MPK6. For competition, purified protein was incubated with unlabeled probes for 30 min at 25°C, before incubating with the labeled probe. The reaction mixture was subjected to electrophoresis on a 5% polyacrylamide gel in 0.5 × Tris-Borate-EDTA (TBE) buffer at 80 V for 3 h. The gel was dried and mounted for autoradiography at −70°C with an intensifying screen.

Transient expression assay {#SEC2-9}
--------------------------

The reporter plasmid was a pUC19-derived plasmid containing the β-glucuronidase (*GUS*) reporter gene under the control of a chimeric promoter containing a *CBF3* promoter region (−2000 to −1 bp) inserted in front of the *CaMV35S* minimal promoter ([@B31]). For effector plasmids, *MYB15* or *MYB15^S168A^* ORFs were inserted into a plant expression vector (pHBT95) containing the *35S C4PPDK* promoter and *nos* terminator ([@B32]). A construct carrying the 35S promoter fused to the *LUC* gene was used as an internal control to normalize the variation in cell numbers, transformation efficiency and cell viability of each transfection ([@B33]). Transient expression of these constructs was performed as described previously ([@B34]). Protoplasts (2 × 10^6^) were co-transfected with 20 μg plasmid DNA consisting of a mixture of reporter, effector and internal control constructs. The transfected protoplasts were incubated for 16 h in the dark at 22°C before GUS and LUC activity measurements. In each sample, the GUS activity of the cell lysate was divided by the LUC activity, thereby normalizing the data to control for variations in transfection efficiency.

Construction of transgenic plants {#SEC2-10}
---------------------------------

The *CaMV35S*:*3XFlag-MYB15* and *CaMV35S*:*3XFlag-MYB15^S168A^* constructs in the binary vector pCAMBIA 1300 were introduced into *Agrobacterium* strain GV3101 (pMP90) and used to transform *Arabidopsis* plants by the floral dip method ([@B35]). Transformants were selected on MS medium containing 40 μg/ml hygromycin. T~3~ homozygous progeny of transgenic plants expressing high levels of MYB15 were used for all experiments.

Extraction and immunoblot analysis of *Arabidopsis* proteins {#SEC2-11}
------------------------------------------------------------

Tissues were ground in liquid nitrogen and extracted in protein extraction buffer (50 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, 1 mM Na~3~VO~4~, 25 mM NaF, 50 mM-glycerophosphate, 2 mM DTT, 2 mM PMSF, 5% glycerol, 1% Triton X-100 and protease inhibitor). After two rounds of centrifugation at 12 000 × *g* for 10 min, the supernatants were transferred to clean tubes and stored at −80°C until use. Protein concentrations were determined using a Bio-Rad Protein Assay kit (Bio-Rad) with BSA as a standard. For immunoblot analysis, total protein was extracted from the leaves of 2-week-old plants and 30 μg protein samples were separated by 10% SDS-PAGE and transferred to PVDF membranes. Proteins were detected using mouse anti-Flag (1:5000; Sigma, USA) as a primary antibody and alkaline phosphate-conjugated anti-mouse as a secondary antibody (1:5000) and visualized using an ECL kit (Amersham Pharmacia Biotech, UK).

Quantitative RT-PCR {#SEC2-12}
-------------------

Total RNA was extracted using the LiCl/phenol method according to a published protocol ([@B36]), and 5 μg total RNA was reverse-transcribed in a 100-μl reaction volume using SuperScript II RNase-Reverse Transcriptase (Invitrogen, USA). Quantitative RT-PCR was performed in a 15 μl reaction volume containing 1 μl RT products, 10 pmole of gene-specific primers and 7.5 μl SsoFast EvaGreen Supermix (Bio-Rad, USA) using the CFX96 Real-Time System (Bio-Rad, USA). The reaction conditions included an initial 5 min pre-incubation at 94°C, 45 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 40 s followed by melting curves with 90 cycles at 55°C increasing 0.5°C/cycle and final cooling for 10 min at 72°C. Primers used for PCR are shown in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Ion leakage from leaves {#SEC2-13}
-----------------------

Ion leakage tests were carried out as described by Ishitani *et al*. ([@B37]). Briefly, one excised leaf from a 3-week-old soil-grown plant was placed in a test tube containing 100 μl of deionized H~2~O, which was transferred to a circulating freezing bath set at 0°C. For each temperature treatment, three replicates were performed. The temperature of the bath was programmed to decrease to −10°C at a rate of 2°C per h. When the designated temperature was reached, the tubes were removed and placed immediately on ice to allow gradual thawing. The leaflets then were transferred carefully to another tube containing 20 ml of deionized water and shaken overnight, followed by conductivity measurements. The tubes containing leaves were then autoclaved. After cooling to room temperature for 4 h, the conductivity of the solution was again measured. The percentage of electrolyte leakage was calculated as the percentage of conductivity before autoclaving over that after autoclaving.

Plant freezing assay {#SEC2-14}
--------------------

Freezing stress was applied to 3-week-old plants grown in soil at 22°C under a long-day photoperiod by exposing them sequentially to 4°C for 1 h, followed by 0°C for 1 h and a programmed cycle of temperature reduction at a rate of 1°C per h to −8°C. After the freezing treatment, the plants were incubated at 4°C for 1 day, followed by a return to 22°C. Survival was evaluated 5 days later.

RESULTS {#SEC3}
=======

MYB15 interacts with MPK6 {#SEC3-1}
-------------------------

Separate high-throughput analyses initially identified MYB15 as a putative substrate for activated MPK6 and as an MPK6-interacting protein ([@B4],[@B20],[@B22]). Therefore, we re-examined the interaction between MYB15 and MPK6 using yeast two-hybrid analysis. As shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, yeast cells co-expressing MYB15 and MPK6 grew on selective medium lacking adenine and acquired β-galactosidase activity, indicating a positive interaction between these proteins.

We then examined the specificity of the interaction of MYB15 with *Arabidopsis* MPKs using a pull-down assay (Figure [1A](#F1){ref-type="fig"}). As shown on the immunoblots, approximately equal amounts of the three MPKs were loaded onto the beads (left panel) and no His-MPKs were detected in eluates of immobilized GST-beads (middle panel). However, His-MPK6, but not His-MPK3 or His-MPK4, was detected in the eluates of immobilized GST-MYB15-beads (right panel). These results indicate that MYB15 interacts directly and specifically with MPK6 *in vitro*.

![MYB15 interacts with MPK6 *in vitro* and *in planta*. (**A**) Pull-down assay demonstrating the specificity of the interaction of MPK with MYB15. Shown is chemiluminescence detection of (His)~6~ on blots of SDS-polyacrylamide gels loaded with (left to right panels) input His-MPKs, GST and GST-MYB15 pull-down proteins. (**B**) LUC complementation imaging assay to detect the interaction of MPK6 with MYB15 in *Nicotiana benthamiana* leaves. Shown in the upper panel are images and luminescence of *N. benthamiana* leaves co-infiltrated with *Agrobacterium* strains containing the indicated combinations of NLuc- and CLuc-fusion constructs. The SGT1a-NLuc/CLuc-RAR1 combination was used as a positive control. Vec refers to NLuc and CLuc empty vectors. Leaves were photographed at 3 days after infiltration. Shown in the lower panel is the quantification of LUC activity in these leaves. The luminescence intensities are expressed relative to that of leaves infiltrated with the NLuc Vec/CLuc Vec combination. Data are presented as the mean ± SD of three independent experiments. *P* \< 0.001 (\*\*\*) indicate statistically significant changes.](gkx417fig1){#F1}

We examined the interaction of MYB15 with MPK6 *in planta* in *N. benthamiana* leaves using an LUC complementation imaging assay. As shown in Figure [1B](#F1){ref-type="fig"}, strong LUC activity was detected at 3 days post-inoculation in positive control leaves co-infiltrated with *Agrobacterium* strains carrying *CaMV35S*: *SGT1a-NLuc* and *CaMV35S*: *CLuc-RAR1* ([@B26]). No LUC activity was detected in leaves co-infiltrated with *Agrobacterium* strains carrying *CLuc* vector plus *NLuc* vector, *CaMV35S*: *MPK6-NLuc* plus *CLuc* vector or *CaMV35S*: *CLuc-MYB15* plus *NLuc* vector combinations. However, LUC activity was detected in leaves co-infiltrated with *Agrobacterium* strains carrying *CaMV35S*: *MPK6-NLuc* plus *CaMV35S*: *CLuc-MYB15* at levels ∼2- to 3-fold higher than that of control leaves co-infiltrated with empty vector(s). These results suggest that MYB15 directly interacts with MPK6 *in planta*.

MYB15 is phosphorylated by recombinant MPK6 {#SEC3-2}
-------------------------------------------

Having confirmed that MYB15 interacts directly with MPK6, we examined the ability of MPK6 to phosphorylate MYB15 using an *in vitro* kinase assay with *E. coli*-expressed purified proteins and \[γ-^32^P\] ATP. After separating the proteins by SDS-PAGE, we detected the phosphorylated proteins on the gel by autoradiography and visualized total proteins with CBB staining. As shown in Figure [2A](#F2){ref-type="fig"}, an autophosphorylation band of ∼48 kDa corresponding to His-MPK6 was observed in all samples. No phosphorylation band was observed corresponding to GST (∼25 kDa), the negative control substrate, whereas MBP (∼18.5 kDa; positive control) and GST-MYB15 (∼72 kDa) were phosphorylated by MPK6. Since MPKs usually phosphorylate Ser and Thr residues on S/T-P motifs, two MPK phosphorylation sites can be predicted in MYB15, on Thr18 and Ser168. To verify this prediction, we performed an *in vitro* kinase assay using purified GST-tagged MYB15 N-terminal fragment (GST- GST-MYB15N; amino acids 1--172, ∼45 kDa) and GST-tagged MYB15 C-terminal fragment (GST-MYB15C; amino acids 173--285, ∼45 kDa) as substrates for GST-MPK6 (∼72 kDa). GST-MPK6 autophosphorylation bands were detected in all samples (Figure [2B](#F2){ref-type="fig"}). A phosphorylation band was observed when we used GST-MYB15N as the substrate, but not with GST-MYB15C, suggesting that MYB15 is phosphorylated by MPK6 at the predicted sites.

![*In vitro* phosphorylation of MYB15 by recombinant MPK6. Coomassie Brilliant Blue (CBB) staining (**A**) and autoradiography (**B**) of an SDS-polyacrylamide gel with resolved kinase reactions containing the indicated combinations of purified *Escherichia coli*-expressed proteins and \[γ-^32^P\] ATP. Abbreviations: MBP, myelin basic protein; GST-MYB15, GST-tagged full-length MYB15; GST-MYB15N, GST-tagged MYB15 N-terminal fragment (amino acids 1--172) and GST-MYB15C, GST-tagged MYB15 C-terminal fragment (amino acids 173--285). MBP and GST were used as positive and negative control substrates, respectively.](gkx417fig2){#F2}

Identification of a phosphorylation site in MYB15 by mass spectrometry {#SEC3-3}
----------------------------------------------------------------------

We investigated the MPK6-phosphorylation sites in MYB15 by mass spectrometry analysis after selectively enriching for phosphopeptides by TiO~2~ chromatography (Figure [3](#F3){ref-type="fig"}). A kinase reaction was performed with purified GST-MYB15N in the presence and absence of purified His-MPK6. After SDS-PAGE, we excised the bands corresponding to GST-MYB15N, digested them with trypsin and subjected the resulting peptides to MALDI-TOF MS. The mass spectrum of the phosphorylated sample prior to TiO~2~ chromatography identified the protein as GST and MYB15 with 56 and 34% coverage, respectively (Figure [3B](#F3){ref-type="fig"}). After TiO~2~ chromatography, one phosphopeptide was identified, as shown in Figure [3D](#F3){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}. MPKs usually phosphorylate their substrates on Ser or Thr residues that are followed by a proline (Pro, P) (S/T-P motif). The phosphopeptide that was identified contained one putative MPK6 phosphorylation site, Ser168 (SESELADSSNPSGESLFSTS~168~PSTS). Therefore, Ser168 of MYB15 was identified as a putative MPK6 phosphorylation site.

![Identification of MPK6-phosphorylated peptides in GST-MYB15N using TiO~2~ chromatography and MALDI-TOF mass spectrometry. (**A** and **B**) Shown are the peptide mass fingerprint of unphosphorylated (A) or MPK6-phosphorylated (B) GST-MYB15 N-terminal fragment (amino acids 1--172) after trypsin digestion and without TiO~2~ purification. A database search of mass data identified GST and MYB15N in the sample with 62 and 38% coverage, respectively. (**C** and **D**) Shown are the mass fingerprints of phosphopeptides recovered after TiO~2~ enrichment from tryptic digests of unphosphorylated (C) or MPK6-phosphorylated (D) GST-MYB15N. One phosphopeptide peak (m/z 2482.9) originating from SESELADSSNPSGESLFSTSPSTS was detected from phosphorylated GST-MYB15N (D) but not from unphosphorylated GST-MYB15N (C).](gkx417fig3){#F3}

To confirm the phosphorylation site of MYB15, we performed *in vitro* kinase assays using point mutants of MYB15 as substrates. Specifically, purified GST-MYB15, GST-MYB15^T18A^, GST-MYB15^S168A^ and GST-MYB15^T18A/S168A^ (GST-MTB15^AA^) were used as substrates for His-MPK6. As shown in Figure [4](#F4){ref-type="fig"}, the intensity of the radiolabeled His-MPK6 band, indicating autophosphorylation, was roughly equal in all samples, confirming the presence of sufficient enzyme activity in all samples. Radiolabeled proteins of the expected size of GST-MYB15 (∼72 kDa) were detected in samples containing His-MPK6 along with GST-MYB15 or GST-MYB15^T18A^, indicating their phosphorylation. However, phosphorylation of GST-MYB15^S168A^ and GST-MTB15^AA^ by His-MPK6 almost disappeared compared to that seen in MYB15 or MYB15^T18A^ proteins, even though faint bands were detected. Since mass spectrometry failed to identify any specific phosphorylation sites other than Ser168, these faint bands may indicate that the mutant proteins MYB15^S168A^ and MTB15^AA^ are non-specifically phosphorylated by MPK6 because of high protein levels in the assays (Figure [3](#F3){ref-type="fig"}). Thus, Ser168 residue is necessary and sufficient for MPK6-induced phosphorylation of MYB15.

![Identification of MPK6-phosphorylation sites on MYB15 by site-directed mutagenesis. Coomassie Brilliant Blue (CBB) staining and autoradiography of an SDS-polyacrylamide gel with resolved kinase reactions containing the indicated combinations of purified *Escherichia coli*-expressed proteins and \[γ-^32^P\] ATP. The mutant full-length MYB15 proteins MYB15^T18A^, MYB15^S168A^ and MYB15^T18A/S168A^ (MYB15^AA^) were generated by site-directed mutagenesis. Myelin basic protein (MBP) and GST were used as positive and negative controls, respectively.](gkx417fig4){#F4}

MYB15 is phosphorylated by cold-activated plant MPK6 {#SEC3-4}
----------------------------------------------------

Immunocomplex kinase assays showed that cold stress activates endogenous MPK4 and MPK6 ([@B4]). To confirm that endogenous MPKs are activated by cold stress, we performed an in-gel kinase assay using MBP as substrate in cold stress-treated WT, *mpk3* and *mpk6* seedlings. MPK6 was mainly activated by cold stress ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). To determine whether MYB15 is phosphorylated by native MPK6 and to associate MPK6-MYB15 signaling with cold stress, we performed an in-gel kinase assay using purified GST-MYB15, GST (negative control) and MBP (positive control) embedded in the gels and fractionated cell-free extracts prepared from 3-week-old WT and *mpk6* seedlings subjected to cold stress for various time periods (Figure [5](#F5){ref-type="fig"}). No radiolabeled bands were detected in extracts from unstressed (0 min) WT, or *mpk6* mutant leaves in gels embedded with GST-MYB15 (Figure [5](#F5){ref-type="fig"}). A radiolabeled phospho-MYB15 band at the expected location of MPK6 (∼46 kDa) was detected in the GST-MYB15-embedded gel containing resolved extracts of WT leaves, but not in the gel containing resolved extracts of *mpk6* leaves from cold stress-treated plants. The phosphorylation of MYB15 was rapid and transient, as is expected if the phosphorylation requires activated endogenous MPK6. A similar pattern of phosphorylation was observed in the gel embedded with MBP, and no bands were observed in the gel embedded with GST (Figure [5](#F5){ref-type="fig"}). These observations suggest that MYB15 can be phosphorylated by native MPK6 and that the MPK6-MYB15 pathway participates in cold stress signaling.

![MYB15 is phosphorylated by cold-activated plant MPK6. Leaves of 3-week-old wild-type (WT) and *mpk6* plants were subjected to cold (4°C) treatments for the indicated times to induce MPK activity. Shown are autoradiographs of SDS-polyacrylamide gels containing embedded MBP, GST-MYB15 and GST, depicting signals from an in-gel kinase assay on resolved proteins from extracts of treated leaves. The expected positions of MPK4 and MPK6 on the gels are indicated.](gkx417fig5){#F5}

MPK6-induced phosphorylation of MYB15 affects its DNA-binding affinity {#SEC3-5}
----------------------------------------------------------------------

MYB15 binds to the promoters of *CBFs* and represses their transcription ([@B23]). Therefore, we hypothesized that the binding affinity of MYB15 to *CBF* promoters is regulated by MPK6-phosphorylation of MYB15. We tested this hypothesis by performing electrophoretic mobility shift assays (EMSAs) using purified proteins expressed in *E. coli*, with a radiolabeled *CBF3* promoter fragment (−984 to −785 bp region) as a probe. This *CBF3* promoter fragment binds strongly to MYB15 and contains two MYB recognition sequences ([@B23]). As expected (Figure [6](#F6){ref-type="fig"}), a shifted band was observed when the probe was incubated with GST-MYB15, but not with GST alone. The intensity of this shifted band decreased when a competitive unlabeled probe was added in a concentration-dependent manner ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), indicating that MYB15 specifically interacts with MYB recognition sequences. No shifted band was detected when GST-MYB15 was incubated with His-MPK6 and ATP prior to the addition of the probe, suggesting that the phosphorylation of MYB15 by MPK6 diminishes its binding affinity (Figure [6A](#F6){ref-type="fig"}). The shifted band was observed with GST-MYB15^S168A^ and when GST-MYB15^S168A^ was pre-incubated with His-MPK6 and ATP (Figure [6B](#F6){ref-type="fig"}), suggesting that the loss of binding ability is mediated by phosphorylation of MYB15 by MPK6 at Ser168.

![Binding affinity of MYB15 to the *CBF3* promoter fragment is reduced by MPK6-induced phosphorylation. Shown are the results of an EMSA performed using a ^32^P-labeled *CBF3* promoter fragment (−984 to −785 bp region) as a probe. Equal amounts of purified *Escherichia coli-*expressed GST, GST-MYB15 (**A**) and GST-MYB15^S168A^ (**B**) were incubated in the absence or presence of purified His-MPK6 at 30°C for 30 min before adding the probe.](gkx417fig6){#F6}

Phosphorylation of MYB15 is necessary for derepression of *CBF3* gene expression {#SEC3-6}
--------------------------------------------------------------------------------

To investigate whether the transcriptional activity of MYB15 is regulated by its phosphorylation, we performed transient expression assays with *Arabidopsis* protoplasts (Figure [7](#F7){ref-type="fig"}) using the effector plasmids and reporter plasmids shown in Figure [7A](#F7){ref-type="fig"}. The relative GUS activity level was reduced (50.75 ± 2.84%) in protoplasts co-transfected with *CaMV35S: MYB15* and reporter plasmid compared with protoplasts co-transfected with effector vector and reporter plasmid (100%); this was expected because MYB15 functions as a transcriptional repressor (Figure [7B](#F7){ref-type="fig"}). Interestingly, relative GUS activity was even lower (31.17 ± 6.55%) in protoplasts co-transfected with *CaMV35S: MYB15^S168A^* and reporter plasmid (Figure [7B](#F7){ref-type="fig"}). Protoplasts are more sensitive to subtle external stresses compared with normal plant cells; therefore, even in the absence of applied stress, MPKs can be somewhat activated in protoplasts ([@B38]). In fact, the activity of MPK6 extracted from protoplasts was increased compared with that of MPK6 from plant seedlings (0 min) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Therefore, GUS activity was partly recovered in protoplasts transfected with MYB15 because some MYB15 proteins were phosphorylated by MPK6 and released from the promoter. In contrast, MYB15^S168A^ proteins are unresponsive to MPK6 and are not released from the promoter at all. These results support that transcriptional activation of *CBF3* is positively regulated by MPK6-induced phosphorylation of MYB15 at Ser168.

![Transcriptional repression activity of MYB15 is enhanced by a mutation in its phosphorylation site. (**A**) Schematic representation of reporter and effector constructs used in the transient expression assay. The effector construct consisted of the *CaMV35S* promoter fused to the full-length *MYB15* and *MYB15^S168A^* ORFs. The *CBF3* promoter (−2000 to −1 bp region) was fused to the *GUS* reporter gene containing a minimal *CaMV35S* promoter to generate the reporter construct. (**B**) Transient assay of *CBF3* expression in *Arabidopsis* protoplasts. The GUS//LUC activities of *Arabidopsis* protoplasts that were co-transfected with the *CBF3*: *GUS* reporter plasmid, a *CaMV35S*: *LUC* internal control plasmid and the indicated effector plasmids were measured. Shown are relative GUS/LUC activities, which were calculated as a percentage of the GUS/LUC activities of samples transformed with the reporter construct plus empty effector vector. Data are presented as the mean ± SD of three independent experiments. *P* \< 0.001 (\*\*\*) indicate statistically significant changes.](gkx417fig7){#F7}

Phosphorylation of MYB15 is required for the upregulation of *CBF* genes {#SEC3-7}
------------------------------------------------------------------------

To examine the importance of an intact MPK6-phosphorylation site for the regulation of *CBF* genes and freezing tolerance by MYB15, we generated transgenic *CaMV35S:3XFlag-MYB15* (MYB15 OX) and *CaMV35S:3XFlag-MYB15^S168A^* (MYB15^S168A^ OX) lines via *Agrobacterium*-mediated transformation. We selected three independent MYB15 OX and MYB15^S168A^ OX lines based on high levels of MYB15 expression ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). We investigated the expression of *CBF* in each of these three lines subjected to cold stress for 3 h. Transcription of *CBF* decreased when MYB15 was overexpressed, and even more so when MYB15^S168A^ was expressed ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Each of these three independent lines showed similar expression patterns and *CBF* levels. Therefore, we mixed seeds from these lines together and used these for further studies.

First, we compared the expression levels of *CBF* genes in seedlings harboring empty vector, MYB15 OX and MYB15^S168A^ OX subjected to cold stress for various time periods (Figure [8](#F8){ref-type="fig"}). As expected (Agarwal *et al.*, ([@B23]), the levels of *CBF1, CBF2* and *CBF3* transcripts increased upon cold treatment in all lines. The accumulation of all *CBF* transcripts peaked at 2 h of treatment in empty vector control and MYB15 OX plants but at 4 h in MYB15^S168A^ OX. At 2 h of treatment, the transcript levels of *CBF1, CBF2* and *CBF3* were significantly lower in MYB15 OX seedlings than in the empty vector control and were lowest in MYB15^S168A^ OX. The differences became less pronounced with increasing duration of cold treatment.

![Mutation of the MYB15 phosphorylation site increases its transcriptional repression of *CBF* genes in cold-stressed transgenic plants. *CBF* expression was measured in transgenic plants expressing empty vector (EV), MYB15 and MYB15^S168A^ under cold stress. Quantitative RT-PCR analysis of *CBF* genes was performed using total RNA isolated from seedlings of the indicated lines subjected to cold (4°C) treatment for the indicated times. The cDNA was synthesized from 5 μg of total RNA and used as a template for RT-PCR. Data are presented as the mean ± SD of three independent experiments. *P* \< 0.05 (\*), *P* \< 0.01 (\*\*) and *P* \< 0.001 (\*\*\*) indicate statistically significant changes.](gkx417fig8){#F8}

We then conducted an ion leakage test to evaluate the effect of MYB15 phosphorylation on freezing tolerance. Overexpression of MYB15 increased ion leakage in non-acclimated plants compared to the control, as previously reported ([@B23]), indicating increased freezing sensitivity (Figure [9A](#F9){ref-type="fig"}). The LT~50~ (the temperature of 50% ion leakage) values for empty vector control and MYB15 OX plants were −6.7°C and −5.7°C, respectively. The LT~50~ value for MYB15^S168A^ OX plants was −5.4°C, that is, lower than that of MYB15 OX plants, indicating that these plants had the greatest freezing sensitivity among the lines tested. We also evaluated the role of MYB15 phosphorylation by performing a whole-plant freezing-survival test on 3-week-old soil-grown plants. As shown in Figure [9B](#F9){ref-type="fig"} and [9C](#F9){ref-type="fig"}, the lowest amount of tissue death was observed in leaves of empty-vector control plants and MYB15 OX plants were more sensitive to freezing than empty-vector plants but more tolerant than MYB15^S168A^ OX plants. Therefore, the loss of the MPK6-phosphorylation site on MYB15 is associated with reduced freezing tolerance.

![Freezing tolerance is reduced by a mutation of MYB15 that prevents phosphorylation. (**A**) Ion-leakage test without cold acclimation. Empty vector (EV), MYB15 OX and MYB15^S168A^ OX transgenic plants were used. The ion leakage experiment was repeated twice with three replicates per experiment. Shown are results from one representative experiment. Data are presented as the mean ± SD of three independent experiments. *P* \< 0.05 (\*), *P* \< 0.01 (\*\*) and *P* \< 0.001 (\*\*\*) indicate statistically significant changes. (**B** and **C**) Freezing survival assay without acclimation. Three-week-old plants grown in soil at 22°C were incubated at 4°C for 1 h, followed by freezing treatment for 2 h at −8°C. After the freezing treatment, plants were incubated at 4°C for 1 day and returned to normal growing conditions for 5 days before photography (B) and survival rate measurements (C). Data are presented as the mean ± SD of three independent experiments. *P* \< 0.01 (\*\*) and *P* \< 0.001 (\*\*\*) indicate statistically significant changes.](gkx417fig9){#F9}

DISCUSSION {#SEC4}
==========

MPK6 phosphorylates MYB15 {#SEC4-1}
-------------------------

MPK cascades are universal and highly conserved signal transduction modules that are present in all eukaryotes, including plants ([@B10],[@B39]). These protein phosphorylation cascades link extracellular stimuli to a wide range of cellular responses. However, to date, only a limited number of MPK substrates have been found in plants. In this study, we provide experimental evidence that MYB15 is a substrate of MPK6. First, MYB15 specifically and directly interacted with MPK6 *in vitro* and *in planta*. Second, MYB15 was phosphorylated by recombinant MPK6 and cold-activated plant MPK6, as revealed by *in vitro* and *in-gel* kinase assays, respectively. Third, the site of MYB15 phosphorylation by MPK6 was identified by mass spectrometry and confirmed by site-directed mutagenesis. MYB15 is a member of the R2R3 family of MYB transcription factors, which control plant development, secondary metabolite biosynthesis and responses to environmental stresses ([@B40],[@B41]). The activities of plant MYBs are regulated by phosphorylation. For example, NtMYBA2 is activated by the phosphorylation of a cyclin--CDK complex through the repression of its inhibitory domain ([@B42],[@B43]). The DNA-binding ability of MYB41 is enhanced by the phosphorylation of MPK6, which is required for its physiological function in salt-stress tolerance ([@B44]). The phosphorylation of MYB44 by MPK3/MPK6 is required for the inhibition of seed germination ([@B45]). Also, phosphorylation is required for the activity of ZAT10, a positive regulator of osmotic stress tolerance in *Arabidopsis* ([@B46]). In addition, high-throughput protein microarray analysis in *Arabidopsis* revealed that many MYB proteins are potential targets of MPKs ([@B20]). In animal cells, murine c-Myb is phosphorylated and regulated by another MPK, p42^mpk^ ([@B47]). The activity of B-Myb is also altered by the phosphorylation of the cyclin-dependent kinase (CDK) complex ([@B48]--[@B51]). Thus, the phosphorylation of MYB proteins by protein kinases appears to be an evolutionarily conserved regulatory mechanism.

The MPK cascade triggered by cold stress comprises MEKK1, MKK2, MPK4 and MPK6. Although MPK4 and MPK6 are activated by cold stress downstream of MEKK1--MKK2, we did not find experimental evidence for the direct regulation of MYB15 by MPK4, suggesting that MYB15 may not be a target of MPK4 during cold stress signaling. Therefore, MPK4 may be involved in cold stress signaling through a different pathway or a different substrate, which remains to be investigated.

DNA binding of MYB15 is reduced by its phosphorylation {#SEC4-2}
------------------------------------------------------

The transcript and protein levels of plant MYB transcription factors are regulated by microRNAs and ubiquitin-mediated degradation, respectively ([@B52]). The activities of plant MYB proteins are thought to be governed by protein--protein interactions, redox control and phosphorylation. The phosphorylation of transcription factors can alter their subcellular location, stability, DNA-binding affinity and interactions with other regulatory proteins ([@B53]). As shown in Figures [6](#F6){ref-type="fig"}--[8](#F8){ref-type="fig"}, the phosphorylation of MYB15 reduces its DNA-binding affinity to the promoters of *CBF* genes. In addition, a mutation in its phosphorylation site, MYB15^S168A^, disrupted its dissociation from the *CBF3* promoter and the induction of cold-responsive genes such as *CBF1, CBF2* and *CBF3*. Similarly, the binding of *Am*MYB340 to target DNA is inhibited by phosphorylation in *Antirrhinum majus* ([@B54]). Conversely, the transcriptional activities of PtMYB4 and AtMYB46 are positively regulated by phosphorylation in *Pinus taeda* and *Arabidopsis thaliana*, respectively ([@B55]). Ser168, the phosphorylation site of MYB15, is distantly located from an R2R3 DNA-binding domain corresponding to 11--116 amino acid residues. Therefore, it is unlikely that MYB15 phosphorylation directly changes the DNA binding ability of the R2R3 DNA-binding domain. Instead, it is more likely that the phosphorylation of MYB15 by MPKs is necessary for its conformational change, which induces its release from the promoters of cold-responsive genes. It is also possible that changes in hydrogen bonding capacity and electrostatic interactions caused by MYB15 phosphorylation affect the binding affinity between MYB15 and DNA. Therefore, structural comparisons of non-phosphorylated versus phosphorylated MYB15 would help clarify the molecular mechanism by which protein phosphorylation modulates MYB15 DNA-binding affinity.

Phosphorylation of MYB15 by MPK is required for freezing tolerance {#SEC4-3}
------------------------------------------------------------------

Cold-mediated signaling during the freezing tolerance response requires fine-tuned transcriptional regulation. Cold temperatures trigger the transcription of *CBF* genes encoding transcription factors, which in turn activate the transcription of genes containing the DRE/CRT promoter element ([@B1],[@B56]). The transcription of *CBF* genes is tightly controlled; uncontrolled expression of *CBF* genes may adversely affect growth and development ([@B34],[@B57],[@B58]). *CBF* genes are positively and negatively regulated by the transcription factors ICE and MYB15, respectively. ICE1 is a MYC-like bHLH transcription factor that binds to MYC elements of *CBF* gene promoters and activates their expression ([@B3]). Under normal conditions, ICE1 is ubiquitinated by the E3 ligase HOS1 and degraded by the 26S-proteasome pathway, whereas under cold conditions, ICE1 is stabilized by SIZ1-mediated sumoylation ([@B59],[@B60]). MYB15 binds to MYB elements in the promoters of *CBFs* and negatively regulates their expression ([@B23]). However, the way(s) in which bound MYB15 is released from *CBF* promoters in response to cold stress has not yet been investigated.

In the current study, we demonstrated that the DNA-binding ability of MYB15 is reduced by the phosphorylation activity of a cold-responsive MPK, releasing its repression of gene transcription. In our proposed model (Figure [10](#F10){ref-type="fig"}), under normal conditions, *CBF* transcription is repressed by the DNA-binding of unphosphorylated MYB15 to MYB recognition elements in their promoters and the absence of ICE1 activity. In response to cold stress, MYB15 is phosphorylated by cold-activated MPK6. The phosphorylated MYB15 dissociates from *CBF* promoters because of its reduced DNA-binding affinity. ICE1 that has been stabilized by SIZ1-mediated sumoylation binds to the MYC recognition elements in the *CBF* promoters and activates the expression of *CBF* genes, thereby conferring freezing tolerance to the plant. This suggests that release of MYB15 from the promoter is required for the activation of ICE1-mediated *CBF* genes because overexpression of MYB15^S168A^ inhibits cold activation of *CBF* (Figure [8](#F8){ref-type="fig"}). It also suggests that MYB15^S168A^ binds DNA in the presence of activated MPK6 (Figure [6B](#F6){ref-type="fig"}). To further elucidate the transcriptional regulation of *CBF* genes during the cold response, however, detailed studies should be performed on the release of MYB15 and the binding of ICE1 to the promoters of these genes.

![Model of the role of MYB15 in cold stress signaling. Under normal conditions, ICE1 is ubiquitinated by HOS1 and degraded by the 26S-proteasome pathway, whereas MYB15 binds to an *MYBRE* on the promoters of *CBF* genes to inhibit their transcription. In response to cold stress, MYB15 is phosphorylated by cold-activated MPK6 and released from the *CBF* gene promoters. ICE1 is stabilized by SIZ1-mediated sumoylation and sumoylated ICE1 binds to an MYCRE on the *CBF* promoters, leading to their increased expression and increased freezing tolerance. *CBFs*, C-repeat binding factors (an AP2-type transcription factors); *MYBRE*, MYB transcription factor recognition element; *MYCRE*, MYC transcription factor recognition element; P, phosphorylation; S, sumoylation; U, ubiquitination.](gkx417fig10){#F10}
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